Self-tolerance and immunity are actively acquired in parallel through a poorly understood ability of antigen receptors to switch between signaling death or proliferation of antigenbinding lymphocytes in different contexts. It is not known whether this tolerance-immunity switch requires global rewiring of the signaling apparatus or if it can arise from a single molecular change. By introducing individual CARD11 mutations found in human lymphomas into antigen-activated mature B lymphocytes in mice, we find here that lymphoma-derived CARD11 mutations switch the effect of self-antigen from inducing B cell death into T cellindependent proliferation, Blimp1-mediated plasmablast differentiation, and autoantibody secretion. Our findings demonstrate that regulation of CARD11 signaling is a critical switch governing the decision between death and proliferation in antigen-stimulated mature B cells and that mutations in this switch represent a powerful initiator for aberrant B cell responses in vivo.
Actively acquired self-tolerance and immunity are opposite processes that pose a central conundrum: how do antigen receptors switch between signaling lymphocyte death or proliferation when engaged by the same antigen in different contexts? This problem is exemplified by the surface immunoglobulin antigen receptors (BCRs) on mature, recirculating B lymphocytes. Upon binding antigen, these receptors trigger multiple rounds of B cell clonal proliferation in the context of infection or immunization but induce anergy and apoptosis when they bind continuously to antigens that are part of the body (self-antigens). Differential amplitude and duration of signaling to intracellular calcium, PI3 kinase, MAP kinases, and the transcription factors NFAT, Jun/Fos, and NF-B correlate with differential signaling of growth or death by the B cell antigen receptor (Healy and Goodnow, 1998) . However, as with most tolerance/immunity checkpoints, the nature of the switch in mature B cells remains unresolved because no individual genetic alteration of these pathways has yet been found to be sufficient to switch self-antigen-induced B cell death into proliferation.
An experiment of nature that provides clues to this problem comes from a group of common human cancers that includes non-Hodgkin's lymphoma and chronic lymphocytic leukemia (Rui et al., 2011) , in which a clone of B cells that has accumulated 30 damaging somatic mutations on average (Morin et al., 2011; Pasqualucci et al., 2011) becomes locked in an endless growth cycle. It is not yet known how these mutations individually or collectively affect the normal response to self-antigens, although multiple lines of evidence suggest that the growth of human B cell malignancies is promoted by continuous BCR stimulation by self-antigens (Cleary et al., RESULTS AND DISCUSSION A human lymphoma CARD11 mutation blocks self-antigen death and drives growth To investigate the consequences of acquiring a CARD11 somatic mutation in antigen-activated normal B cells, we developed a retroviral gene delivery system to express normal or mutant CARD11 in primary antigen-activated B cells obtained from transgenic mice (Fig. 1 a) . Mature B cells bearing homogeneous antigen receptors against a protein antigen, hen egg lysozyme (HEL; Goodnow et al., 1988) , were activated into proliferation by giving Ig HEL transgenic mice an acute pulse of HEL antigen in vivo followed by stimulation of the B cells with antibodies to CD40 in culture for 3 d. During this time, the B cells were transduced with bicistronic vectors encoding enhanced GFP (EGFP) alone or EGFP and WT or different mutant forms of CARD11. We tested four CARD11 lymphoma mutations ( Fig. 1 a) : G123S (Mut3), L232LI (Mut10), L251P (Mut2), and D387V (Mut6), with the numbers in parentheses referring to the mutations as originally described (Lenz et al., 2008) . After transduction, the antigen-activated B cells were transplanted back into syngeneic Rag1 / mice that either lacked any antigen or CD40 growth stimuli or that expressed HEL protein in their circulation (Goodnow et al., 1988) so that the B cells were continuously stimulated by self-antigen (Fig. 1 a) .
Because activation of NF-B and c-Jun N-terminal kinase (JNK) by the B cell antigen receptor both depend on normal CARD11 (Jun et al., 2003) , we first compared the activity of these signaling pathways in the retrovirally transduced B cells. B cells were transduced with retrovirus carrying EGFP only (empty vector [EV] ), mutant (Mut10), or WT CARD11, or a vector encoding a constitutively active IKK- (IKK-*) as a positive control. The cells were then washed and cultured in media without anti-CD40 for 24 h before sorting EGFP + cells and preparing cell lysates for SDS-PAGE. Compared with control B cells expressing WT CARD11 or EGFP only, CARD11 Mut10-expressing B cells consistently displayed higher phosphorylation of JNK and the p65 (RelA) NF-B subunit, whereas IKK-*-expressing cells induced comparably increased phosphorylation of p65 but not of JNK (Fig. 1 b) . Western blotting of EGFP + cells for CARD11 showed higher levels in cells transduced with CARD11 WT or Mut10 vectors compared with EV controls but no consistent difference in protein accumulation between cells transduced with CARD11 WT or Mut10 (also see Fig. 4 a) , indicating that the effects of the mutations could not be explained by protein expression. In this context, it is notable that CARD11 copy number gains also occur in human B cell lymphomas (Morin et al., 2011) . These results indicate that the lymphoma mutation in CARD11 enhanced signaling to both NF-B and JNK pathways in primary, mature B cells.
The transduced B cells were injected into the circulation of Rag1-deficient mice that either expressed HEL protein (HEL transgenic) or lacked the antigen (nontransgenic). We first tested the most potent lymphoma CARD11 mutation, Mut10, which originally occurred in a GC-type DLBCL 1986; Borche et al., 1990; Friedman et al., 1991; Kobayashi et al., 1993; Chiorazzi and Ferrarini, 2003; Rui et al., 2011; Stevenson et al., 2011) . RNA interference screens in tissue culture revealed that cells from the ABC-DLBCL (activated B cell subtype of diffuse large B cell lymphoma) died when components of the antigen receptor signal transduction cascade were depleted (Ngo et al., 2006; Lenz et al., 2008; Davis et al., 2010) .
One important branch of the BCR signaling cascade terminates on the transcription factor, NF-B, which is activated by acute antigen receptor engagement but not chronic receptor engagement by self-antigens (Healy et al., 1997 ) through a pathway whereby PKC phosphorylates and activates CARD11 (also called Carma1) to form a CBM (CARD11-BCL10-MALT1) complex (Jun et al., 2003; Thome, 2004; Rawlings et al., 2006) . The CBM complex in turn activates IB kinase (IKK) to phosphorylate and degrade the inhibitor of NF-B, IB, allowing NF-B to move to the nucleus and cooperate with other transcription factors in promoting B cell survival, proliferation, and differentiation (Jun et al., 2003; Thome, 2004; Rawlings et al., 2006; Gerondakis and Siebenlist, 2010) . 13% of DLBCL cases, including ABC and germinal center (GC) types, have acquired activating somatic point mutations of various amino acids in the coiled-coil regulatory domain of CARD11 that are required for the proliferation of an ABC-DLBCL lymphoma cell line in culture (Lenz et al., 2008) . However, many other mutations also recur in B cell malignancy that may be needed as an ensemble to switch the way B cells respond to chronic stimulation (Rui et al., 2011) , and indeed dependence on the CARD11 branch of the cascade did not extend to the GC subtype of diffuse large B cell lymphoma (Ngo et al., 2006; Lenz et al., 2008) . Likewise, dysregulated NF-B signaling on its own was insufficient to initiate B cell growth in mature, circulating B cells in transgenic mice expressing a constitutively active allele of IKK- (Sasaki et al., 2006) , and dysregulated expression of the NF-B target gene, Bcl2, delayed self-antigen-induced death but did not result in a switch into proliferation (Cyster et al., 1994) . Collectively, these results focus the question on what, if any, effects lymphoma CARD11 mutations have in isolation on the normal response to self-antigens.
In this study, we examine this question using a novel retroviral strategy to genetically manipulate a cohort of selfantigen-binding mature B cells in vivo. Using this system, all lymphoma-derived CARD11 mutations tested conferred upon CARD11 a potent ability to switch the effect of chronic binding of self-antigen from death into inducing B cell proliferation and Blimp1-mediated plasmablast differentiation and autoantibody production. We conclude that regulation of CARD11 is a central switch governing the decision between antigen-induced death and growth in mature B cells. Mutations in this switch, when paired with somatically acquired antigen receptors against self, represent a powerful initiator of aberrant B cell growth and differentiation. as many CD19 + EGFP + B cells accumulated in the absence of Prdm1 compared with the number of CD19 + cells in controls with WT Prdm1 (Fig. 2 c) . Prdm1 deletion nevertheless prevented the formation of the large CD19-negative plasmablast population, which in the Prdm1 +/+ controls contained more intracellular EGFP, presumably because of their larger cytoplasmic volume. Thus, aberrant proliferation of B cells induced by a lymphoma mutation in CARD11 is accompanied by efficient induction of Blimp1-mediated plasma cell differentiation.
Consistent with CARD11 mutation-induced plasma cell differentiation, high concentrations of HEL-binding antibody were present in the serum of nontransgenic and HEL transgenic Rag1 / recipients of CARD11 Mut10-expressing HELspecific B cells (Fig. 2 d) . The concentration of anti-HEL IgM was comparable with the amount in serum of Ig transgenic mice where almost all B cells are HEL specific, which was used as a reference, whereas no anti-HEL IgM antibodies were detected in the recipients of EV control B cells. These results indicate that the CARD11 lymphoma mutation was sufficient to overturn B cell tolerance not only to switch selfreactive cells from death to proliferation but also to induce secretion of autoantibodies.
Constitutively active IKK- does not switch self-reactive B cells from death into growth
Because CARD11 is an essential scaffold for B cell antigen receptor signaling to two diverging pathways, IKK and JNK (Jun et al., 2003) , we assessed whether an activating mutation in IKK itself would have the same effect as the CARD11 lymphoma mutant. Antigen-activated B cells were transduced with a retroviral vector encoding a mutant form of IKK- bearing two amino acid substitutions in the activation loop of the kinase domain (IKK-*) that results in a constitutively active kinase (Sasaki et al., 2006) . Although EGFP + B cells expressing IKK-* proliferated spontaneously in tissue culture comparably with cells expressing CARD11 Mut10 (Fig. 3 a) , when the IKK-*-expressing B cells were transplanted into recipients, they did not accumulate but instead were eliminated in the presence or absence of HEL self-antigen (Fig. 3 , b and c). Thus, the death to growth switch caused by lymphoma CARD11 mutations is not conferred simply by dysregulation of canonical NF-B signaling.
A range of lymphoma CARD11 mutations switch self-antigen stimulation from death to proliferation and autoantibody secretion Because the aforementioned in vivo findings focused on a single, particularly potent lymphoma CARD11 mutation, we next asked whether or not they were a general property of lymphoma CARD11 mutations, including weak alleles such as Mut3 whose effects on NF-B in cell lines were augmented by antigen receptor signals (Lenz et al., 2008) . Transduction and transplantation experiments were performed as before (Fig. 1, a and c) , except that the antigen-activated B cells were transduced with CARD11 Mut6, Mut3, or Mut2, (Lenz et al., 2008) . We tracked the fate of the transplanted B cells in the spleen by flow cytometry using two unique markers of their antigen receptors, their ability to bind HEL antigen and the presence of an IgM a allotypic epitope (Fig. 1 c ; Goodnow et al., 1988) . EGFP fluorescence within this subset distinguished transduced from nontransduced B cells, although the expression of EGFP after CARD11 and the IRES (internal ribosome entry site) sequence was lower than from the EV control and could not be resolved above autofluorescence in some transduced cells (Fig. 1 c) . In HEL transgenic Rag1 / recipients, continuous antigen stimulation by circulating self-HEL antigen induces the proapoptotic Bim protein in mature B cells and triggers apoptosis within 3 d despite the presence of BAFF (Cyster et al., 1994; Enders et al., 2003; Lesley et al., 2004; Thien et al., 2004) . Consequently, when antigen-specific B cells transduced with either EV or WT CARD11 were enumerated in the spleen 5 or 12 d after transplantation, these were readily detectable in nontransgenic recipients but had been eliminated from HEL transgenic recipients (Fig. 1, c and d ). In contrast, CARD11 Mut10-expressing B cells were not eliminated in HEL transgenic recipients, but instead EGFP + cells persisted and proliferated to very large numbers. In nontransgenic Rag1 / mice that lacked HEL protein, the number of EGFP + B cells expressing EGFP only or CARD11 WT exhibited little change between days 5 and 12 after transfer, whereas those expressing CARD11 Mut10 proliferated, although the proliferation of the latter was 6.4 times less than that in the presence of HEL antigen (Fig. 1, c and d) . Thus, a discrete CARD11 mutation from a human lymphoma switched the effect of chronic antigen receptor stimulation, converting the normal induction of B cell death into antigen-induced, T cellindependent proliferation. CARD11 mutation induces Blimp1-dependent plasma cell differentiation and autoantibody production Compared with the control EGFP + B cells, most of the EGFP + proliferating cells expressing CARD11 Mut10 maintained surface IgM antigen receptor expression but were much larger in size (high FSC-A [forward scatter area]) and expressed much lower levels of B220 and CD19 (Figs. 1 c and 2 a), two B cell lineage markers which are repressed upon differentiation into plasma cells (Fairfax et al., 2008) . This was surprising because physiological proliferation of B cells driven by foreign antigen and CD40 stimulation from helper T cells normally requires helper T cell-derived cytokines like IL-21 to stimulate differentiation into antibody-secreting plasma cells. Plasmablast differentiation requires induction of Blimp1, encoded by the Prdm1 gene (Fairfax et al., 2008; Martins and Calame, 2008) . To test whether the human lymphoma CARD11 mutations did indeed induce Blimp1-dependent differentiation of mature B cells in vivo, we performed retroviral transduction and transfer experiments using activated B cells from mice with a B cell-specific deletion of the Prdm1 gene (Fig. 2, a-c) . CARD11 Mut10-expressing B cells lacking Prdm1 still proliferated in vivo, and indeed three times (Fig. 4 a) . (Goodnow and Ohashi, 2012) . The self-reactive B cells were maintained in the constant presence of HEL antigen during retroviral transduction and then transferred back into HEL transgenic recipients (Fig. 4, g and h) . CARD11 Mut10 nevertheless broke tolerance in the Ig HEL × HEL anergic B cells, preventing their elimination in HEL transgenic recipients and causing them to proliferate, differentiate into numerous CD19 low B220 low GFP + plasmablasts, and produce large amounts of anti-HEL autoantibodies.
We also investigated whether the CARD11 mutations could provoke IgG autoantibody secretion by normal B cells with a diverse repertoire of specificities. B cells from nontransgenic mice were retrovirally transduced with vectors encoding mutant CARD11 or controls encoding WT CARD11, mutant IKK-*, or EV. The B cells were transferred into Rag1 / recipients and spleen cells, and serum was collected 12 d later. Compared with the controls, recipients of normal B cells expressing mutant CARD11 had higher concentrations of IgM and IgG1 in their sera (Fig. 5, a and b) . The induction of serum IgG by the different CARD11 mutants correlated with their potency to induce plasmablast accumulation in the same animals, with Mut10 the most potent and Mut6 the least potent. IgG antibodies with a diffuse pattern of binding to the cytoplasm and nucleus of HEp-2 cells (Fig. 5 c) and IgM and IgG antibodies binding to the surface of 3T3 mouse fibroblast cells (Fig. 5, d-g ) were also selectively increased in serum of recipients of B cells expressing mutant CARD11. The affinity and pathogenicity of these autoantibodies are nevertheless likely to be low because the recipients lacked T follicular helper (T FH ) cells needed for affinity maturation in GCs. It will be interesting in future studies to B cells expressing the CARD11 mutants had lower BIM levels than B cells expressing CARD11 WT or EV controls, with the magnitude of Bim down-regulation inversely proportional to the capacity of the CARD11 mutants to induce growth signals (Fig. 4, b and d) . Modulation of BIM protein could therefore be one mechanism through which B cells expressing CARD11 mutant proteins avoid self-antigeninduced apoptosis.
When approximately equivalent numbers of the transduced B cells were transplanted into HEL transgenic recipients (Fig. 4 c) , all four lymphoma CARD11 mutations blocked self-antigen-induced death of the transferred B cells and cooperated with chronic antigen stimulation to drive proliferation (Fig. 4, d and e) and differentiation of most of the GFP + cells into CD19 low B220 low plasmablasts (Fig. 4 d) . In the HEL-stimulated cells, the overall numbers of EGFP + plasmablasts were 10-20-fold higher when they expressed CARD11 Mut2 or Mut10 than with the weaker Mut6 or Mut3 alleles (Fig. 4 e) , but the presence of HEL antigen enhanced proliferation by a greater multiplier for Mut6 and Mut3 (20-and 40-fold increase in HEL transgenic compared with nontransgenic recipients, respectively) compared with Mut2 and Mut10 (13-and 4.5-fold increase, respectively). High concentrations of serum anti-HEL IgM autoantibodies were detected in HEL transgenic recipients in which Mut2-or Mut10-expressing B cells were transferred but were below the limit of detection in recipients of Mut3 or Mut6 B cells, presumably because of the lower number of plasma cells formed and antibody neutralization by an excess of circulating self-HEL antigen (Fig. 4, e and f) . Without self-antigen stimulation in nontransgenic recipients, EGFP + B cells expressing CARD11 Mut6 or Mut3 did not increase in number measurably relative to the control B cells over the 12 d, nor did these EGFP + cells increase as a percentage of donor B cells compared with the percentage of EGFP + at the time of transplantation (Fig. 4, c-e) . Thus, two out of four lymphoma CARD11 mutations tested in this assay were insufficient to induce spontaneous B cell proliferation in vivo in the absence of ongoing antigen receptor engagement, but all were sufficient to switch the response to self-antigen from death into proliferation. switch explains how the mature B cell response to antigen ranges from proliferation and plasma cell differentiation on the one hand to anergy and death on the other. The data here establish that regulation of a single molecule, CARD11, serves as the switch between antigen-induced signaling of death or proliferation and plasma cell differentiation.
What lies downstream of the CARD11 switch is an intriguing question for the future. Activation of NF-B by antigen receptor signaling through CARD11 might have been predicted to be the mechanism for switching the response to self-antigen from death to growth, given that NF-B is essential for activation of numerous B cell survival (e.g., Bcl2, BclxL, and Bfl1/A1), growth (e.g., Irf4, Myc, and Cyclin D), and differentiation genes (Irf4; Gerondakis and Siebenlist, 2010) . Enforced expression of Bcl-2 nevertheless only slows the rate of self-antigen-induced death in mature B cells but does not switch them into proliferation (Cyster et al., 1994) .
investigate the impact of CARD11 mutations in GC B cells interacting with T FH cells.
The aforementioned findings demonstrate that a range of CARD11 mutations acquired in different human lymphomas share the property of switching the mature B cell response to continuous stimulation by self-antigens from cell death into B cell proliferation, differentiation, and autoantibody secretion. In normal mature B cells, continuous self-antigen exposure desensitizes antigen receptor signaling to NF-B and JNK while preserving signaling for calcium oscillations, NFAT, ERK, and Bim induction, and this is thought to explain the absence of proliferation and induction of apoptosis in selfreactive B cells (Healy et al., 1997; Healy and Goodnow, 1998; Enders et al., 2003) . At the opposite extreme, optimal BCR cross-linking by T cell-independent type 2 antigens is sufficient to induce proliferation and plasmablast differentiation. It is not known whether a global rewiring or a single pivotal 
MATERIALS AND METHODS
Mice. Rag1 / mice (Mombaerts et al., 1992) and Rag1 / mice expressing soluble HEL (ML5 HEL transgenic strain; Goodnow et al., 1988) were used as recipients for cell transfer experiments. Donor B cells were obtained from the following: (a) antigen-specific B cells were from Ig HEL transgenic mice bearing rearranged Ig transgenes encoding a HEL-specific antibody or Ig HEL × ML5 HEL double transgenic mice (Goodnow et al., 1988) , (b) Prdm1 / B cells were from Prdm1 Flox/Flox mice (Kallies et al., 2009) crossed to mb1-Cre transgenic mice and littermate controls, and (c) normal B cells came from WT C57BL/6 mice. Mice were maintained on a C57BL/6 background and were housed in specific pathogen-free conditions at the Australian Phenomics Facility and the John Curtin School of Medical Research. Prdm1 Flox/Flox mice crossed to mb1-Cre and littermate controls were generated and maintained in accordance with the guidelines of the Walter and Eliza Hall Institute Animal Ethics Committee. All experimental mice were used between 8 and 16 wk of age. All animals used in this study were cared for and used in accordance with protocols approved by the Australian National University Animal Experimentation Ethics Committee and the current guidelines from the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.
Retroviral vector and production. Mouse Card11 and Ikbkb genes were amplified by Platinum Pfx DNA polymerase (Invitrogen) from mouse spleen cDNA and cloned into pBluescript II SK(+) vector. PCR-based site-directed mutagenesis was used to introduce gain of function mutations into mouse Card11 and Ikbkb. Amplified PCR products were purified and sequenced on a 3730xl DNA Analyzer (Applied Biosystems; at the Genome Discovery Unit-ACRF Biomolecular Resource Facility, John Curtin School of Medical Research) according to the manufacturer's protocol. The mutations corresponded to those described by Lenz et al. (2008) , and the primers used are listed in Table 1 . WT and mutant Card11 and Ikbkb genes were transferred into pMXs-IRES-GFP vector (provided by T. Kitamura, The University of Tokyo, Minato-ku, Tokyo, Japan; Kitamura et al., 2003) . The retroviral constructs were transfected into Phoenix ecotropic packaging cells (American Type Culture Collection) using calcium phosphate precipitation. The supernatants containing replication-defective retroviral particles were collected and frozen at 80°C until used for transduction.
Retrovirus-mediated gene transfer into mouse primary B cells. Ig HEL transgenic mice were injected intraperitoneally with 5 mg HEL (SigmaAldrich) in PBS (Invitrogen) to provide a pulse of antigen for activation in vivo. The spleens were yielded 6 h after the injection, and splenocytes were cultured at a density of 4 × 10 6 cells/ml in complete RPMI containing Likewise, enforced expression of Myc using the same retroviral transduction assay used here does not inhibit selfantigen-induced death nor induce proliferation even when combined with p53 inactivation (unpublished data). Indeed, self-antigen-induced elimination of mature B cells in the assay used here remains intact even when the B cells are transduced with retrovirus containing constitutively active IKK-* vector (Fig. 3 b) . The unique ability of CARD11 to switch self-reactive B cells from death into growth and plasma cell differentiation may stem from CARD11 binding to many different signaling proteins (McCully and Pomerantz, 2008) , which may change the dynamics or balance of NF-B subunits that are activated or enlist additional signaling pathways such as JNK or p38.
Our findings also provide experimental evidence for the long-standing hypothesis that self-reactive antigen receptors, which arise frequently by VDJ rearrangements in immature B cells (Wardemann et al., 2003) and by V-region hypermutation in antigen-activated B cells (Shlomchik et al., 1990) , cooperate with somatic mutations in signaling molecules to initiate neoplastic proliferation and production of anti-self antibodies (Cleary et al., 1986; Borche et al., 1990; Friedman et al., 1991; Kobayashi et al., 1993; Chiorazzi and Ferrarini, 2003; Rui et al., 2011; Stevenson et al., 2011) . As opposed to binding microbial antigens, antigen receptors that bind to self-antigens provide B cells with an endless source of receptor stimulation. Given the high rate of somatic point mutation in antigen-activated B cells (Liu et al., 2008) , the finding that single somatic mutations at various sites in the coiledcoil domain of CARD11 were sufficient to switch antigen receptor-induced death into growth, without requiring accumulation of numerous other mutations, identifies CARD11 as an especially weak link in the normal control of B cell malignancy and autoimmunity. The occurrence of CARD11 mutations together with self-reactive Ig V-regions can be expected to have an equally potent influence on therapeutic responses and thus should be tested in a broad range of B cell malignancies and autoimmune diseases. 5-GAGAGAAATCAGTCCCCCAAGCTCAAGAATGAC-3  L251P  CARD11 mt2 A  5-GTCATTCTTGAGCTTGGGGGACTGATTTCTCTC-3  L251P  CARD11 mt3 S  5-TCCACCATTGTGGTGGAGGAAAGCCATGAGGGCCTCACAC-3  G123S  CARD11 mt3 A  5-AGTGTGTGAGGCCCTCATGGCTTTCCTCCACCACAATGGT-3  G123S  CARD11 mt6 S  5-GCCTTCCACTCCCGAGTTGAGGCACAGACACAG-3  D387V  CARD11 mt6 A  5-CTGTGTCTGTGCCTCAACTCGGGAGTGGAAGGC-3  D387V  CARD11 mt10 S  5-TCCAACTCGAGATCGACCAGCTCATTAAACACCGACTGAACAAG-3  L232LI IKK-* S 5-TGAATTCGCCACCATGAGCTGGTCACCGTCCCTCCCA-3 S177E, S181E
IKK-* A 5-AAAACTCGAGTCAGGCGGTTACCGTGAAGCTTCT-3 S177E, S181E
10 µg/ml anti-CD40 antibody (FGK4.5; BioXCell; Fig. 1 a) . B cells from Ig HEL × ML5 HEL double transgenic mice or Ig HEL controls were activated using 10 µg/ml anti-CD40 (FGK4.5) and 10 ng/ml IL4 (R&D Systems). Normal B cells from WT C57BL/6 mice were stimulated using 7 µg/ml anti-IgM (Jackson ImmunoResearch Laboratories, Inc.) and 10 µg/ml anti-CD40 (FGK4.5). After 24 h, the cells were spin-infected in 6-well plates at 920 g for 90 min at room temperature with the retrovirus supernatant containing 10 µl/ml DOTAP (Roche). The cells were then cultured in fresh RMPI containing 10 µg/ml anti-CD40 for 36 h. The cultured cells were washed with complete RPMI three times. The cells were resuspended at a density of 10 6 cells/ml. The number of live EGFP + cells was determined by hemocytometer counting of trypan blue-negative cells in each culture combined with the results from flow cytometric analysis of the same cells.
Western blot analysis. Day 3 (Fig. 1 a) B cell cultures were washed twice with complete RPMI and cultured in the absence of anti-CD40 for 24 h. Transduced EGFP-positive B cells were sorted using FACSAria I and II (BD) and washed with ice-cold PBS followed by lysis in SDS sample buffer (0.2 M Tris-HCl, pH 6.8, 10% SDS, 30% glycerol, 10% -mercaptoethanol, and Bromophenol blue). Lysates were sonicated for 15 min at 5-s intervals, boiled in SDS sample buffer for 5 min at 95°C, and centrifuged for 1 min at 13,000 rpm. Proteins were resolved on 10% or 15% polyacrylamide gel and transferred onto a polyvinylidene fluoride membrane (Bio-Rad Laboratories). Nonspecific binding to the membrane was blocked with 5% wt/vol BSA in TBST (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.1% vol/vol Tween 20) for 30 min followed by probing overnight at 4°C with antibody to phospho-JNK (1:2,500 dilution; Cell Signaling Technology), total JNK (1:1,000 dilution; Cell Signaling Technology), phospho-NF-B p65 (1:1,000 dilution; Cell Signaling Technology), total NF-B p65 (1:1,000 dilution; Cell signaling), CARD11 (1:1,000 dilution; Cell Signaling Technology), and IKK-/ (1:250 dilution; Santa Cruz Biotechnology, Inc.). After incubation in primary antibody, membrane was washed three times in TBST and incubated with horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody (1:2,500 dilution; Cell Signaling Technology) for 1 h at room temperature. Membrane was then washed five times in TBST before detection using enhanced chemiluminescence detection reagent (PerkinElmer) and developed in a dark room onto Kodak films. Membranes were reprobed with antibody to /-tubulin (1:5,000 dilution; Cell Signaling Technology) as a loading control.
Adoptive transfer into recipient mice. The transduced cells were recovered 36-40 h after spin infection with retroviral particles. 5 × 10 6 total cultured B cells, consisting of a mixture of transduced and nontransduced B cells, were transferred into recipient mice through the lateral tail vein. The recipient mice were age-matched Rag1 / mice (nontransgenic) and/or Rag1 / mice expressing a soluble HEL transgene as self-antigen (HEL transgenic). The spleens of the recipients were yielded for analysis of the donor cells. Except where noted otherwise, all mice used were 8-16 wk old.
Flow cytometric analysis. Single cell suspensions were prepared and then counted by trypan blue exclusion. Equal numbers of cells were transferred in 96-well round-bottomed plates. Cells were then incubated for 30 min at 4°C with an antibody cocktail containing the appropriate combination of antibodies, each diluted to its optimal concentration in flow cytometry buffer (PBS containing 2% [vol/vol] bovine serum and 0.1% [wt/vol] NaN 3 ). Samples were washed twice, resuspended in flow cytometry buffer, and analyzed with an LSR II or LSR Fortessa (BD). The following antibodies from BD were used: anti-B220 (RA3-6B2), CD25 (PC61), IgM a (DS-1), CD19 (1D3), and CD4 (RM4-5). 7-AAD and Qdot 605 streptavidin conjugate from Invitrogen, CD44 (IM7) from BioLegend, and IgM (II/41) from eBioscience were also used. HyHEL9 was conjugated to Alexa Fluor 647 with a monoclonal antibody labeling kit (Molecular Probes). Staining with HyHEL9 was performed on cells that were incubated with 50 ng/ml HEL (SigmaAldrich; Goodnow et al., 1988) . Anti-BIM antibody (clone 3C5; a gift from A. Strasser, The Walter and Eliza Hall Institute of Medical Research) was
